Abstract Though the knee experiences three-dimensional loading during everyday tasks, assessment of proprioceptive acuity has typically been limited to the primary direction of movement, knee flexion and extension. While loading in the constrained directions (varus/valgus and internal/external rotation) may contribute to injury and joint disease, little information is available regarding proprioceptive acuity in these planes of movement. The primary aim of this study was to characterize proprioceptive acuity in the frontal plane (varus/valgus) and to compare it with sagittal plane (flexion/ extension) proprioceptive acuity in healthy subjects. Proprioception was assessed in 17 young, healthy subjects (11 females, 6 males, ages 21-33 years) using the threshold to detection of passive movement (TDPM). TDPM was found to be significantly (P \ 0.001) lower in the frontal plane Results from this preliminary study may suggest more accurate proprioceptive acuity in the frontal plane compared with the sagittal plane. While further examination is necessary to confirm this relationship, more accurate frontal plane acuity may reflect a protective neural mechanism which enables more precise neuromuscular control of the joint in this constrained plane of movement.
Introduction
The central nervous system continuously uses sensory input from mechanoreceptors in muscles, joints, and skin to update information about joint configuration during movement. At the conscious level, these somatosensory representations constitute proprioception, or the awareness of joint movement and position (Riemann and Lephart 2002a) . Proprioceptive feedback has been demonstrated to be a key component of motor control and functional joint stability (Dietz et al. 1987; Riemann and Lephart 2002b; Sainburg et al. 1995) . In this context, proprioceptive and neuromuscular training programs have been advocated for the rehabilitation and prevention of musculoskeletal disorders of the knee (Hewett et al. 2002 Lephart et al. 1997) . One of the aims of these training paradigms is to enhance the awareness of joint movement and position, while adopting appropriate motor control strategies which maintain joint stability and protect the joint's connective tissues. As loading in constrained movement directions (varus/valgus and internal/external rotation) has been associated with increased risk of injury and disease Jackson et al. 2004; Lewek et al. 2004; McLean et al. 2004; Sharma et al. 2003; Weidow et al. 2006) , training paradigms often utilize a variety of movements designed to challenge knee stability in both the primary plane of movement (flexion/extension) and these constrained movement directions .
Such multi-dimensional demands pose a dual task to the neuromuscular system: produce movement in the primary direction and maintain stabilizing forces in the constrained directions. This dual task would necessitate proprioceptive feedback on joint kinematics and kinetics in all three planes of movement. However, while numerous studies have characterized knee proprioception in the sagittal plane in healthy and pathological populations (Ageberg et al. 2007; Hurkmans et al. 2007; Koralewicz and Engh 2000; Rozzi et al. 1999) , relatively few studies have examined proprioceptive acuity in the constrained planes of movements (frontal and transverse planes). Recently, Muaidi and colleagues examined proprioception during active internal and external rotations of the knee in both healthy (Muaidi et al. 2008 ) and anterior cruciate ligament (ACL) injured groups (Muaidi et al. 2009 ). Given that transverse plane rotations result in tension on the ACL, it was argued that this testing paradigm enables a more targeted evaluation of the contribution of the ACL and the detrimental effects of ligament injury on proprioception (Muaidi et al. 2008) . Indeed, results from these studies indicated that transverse plane proprioceptive acuity is impaired following ACL injury, but can be restored with ACL reconstruction (Muaidi et al. 2009 ). Furthermore, results from these studies provide insights into the stabilization of the joint to loading in a direction which contributes to ACL injury risk (Bahr and Krosshaug 2005) . Recent evidence has also implicated abnormal frontal plane knee joint kinetics as a risk factor in joint injury and degenerative disease (Astephen et al. 2008; Hewett et al. 2005; Jackson et al. 2004; Khan et al. 2008; Lewek et al. 2004; McLean et al. 2004; Sharma et al. 2003; Weidow et al. 2006) . However, to our knowledge, there have been no investigations of proprioceptive acuity in this plane.
Accordingly, the primary aim of this study was to examine proprioceptive acuity in the frontal plane of the knee in healthy subjects using the threshold to detection of passive movement (TDPM). As detection thresholds are contingent upon the specific experimental conditions in which they are gathered, we also measured TDPM in the sagittal plane to provide a comparison between the primary and constrained planes of movement at the knee. Due to the differences in range of motion between the two movement directions, we hypothesized that detection thresholds will be lower in the frontal plane. Furthermore, as this was the first examination of proprioceptive acuity in the frontal plane, an additional aim of the study was to determine the test-retest reliability of the TDPM metric in this movement direction. Knowledge gained from this study may provide new insights into the mechanisms contributing to multidimensional joint stability which may be especially significant in the context of the prevention and management of joint injury and disease.
Methods
All experimental procedures were approved by the Institutional Review Board of Northwestern University and complied with the principles of the Declaration of Helsinki. Seventeen healthy subjects (11 females and 6 males, ages 21-33 years) with no history of neurological or musculoskeletal disorders participated in the study after providing informed consent. Subject demographics are presented in Table 1 . The experiment was conducted over two testing sessions on separate days, with one session testing proprioception in the sagittal plane and the other in the frontal plane of the knee. Each testing session lasted approximately 1.5-2 h and the order of the testing sessions was randomized.
The experimental apparatus used for proprioceptive testing has been described previously (Dhaher et al. 2003) . For testing in the frontal plane, subjects were seated in an experimental chair with the right knee at neutral flexion/ extension (0°knee flexion) (Fig. 1a) . The subject's right ankle was placed in a modified, inflated, aircast (Aircast, DJO Inc. Vista, CA, USA) and then secured within a coupling ring, which fixed the limb to a servomotor actuator, via a rigid cantilever beam. The beam was visually aligned with the subject's lower leg and the subject was allowed to assume their natural frontal plane knee joint alignment. Brackets were securely fastened around the knee joint at the femoral epicondyles to prevent medial/ lateral translation of the femur during testing, and a strap was placed over the right thigh to prevent movement of the proximal limb.
For testing in the sagittal plane, the servomotor assembly was rotated 90°so that the cantilever beam was initially vertical and the servomotor center of rotation was aligned with the femoral epicondyles. Similar to testing in the frontal plane, subjects were seated and a modified air-cast was placed around the subject's right ankle and then secured within the coupling ring attached to the servomotor (Fig. 1b) .
Proprioceptive testing
To characterize proprioceptive acuity in a functionally relevant posture, the targeted test posture was chosen to be consistent with a knee posture observed during the stance phase of gait (30°of knee flexion and neutral varus/valgus) (Lafortune et al. 1992) . While this knee flexion angle was easily attained for sagittal plane testing, isolating varus and valgus motions of the knee in this flexed knee posture is technically difficult (Dhaher and Francis 2006) . Therefore, frontal plane proprioceptive testing was performed with the knee at 0°of knee flexion. Previous work from our laboratory has demonstrated that production of knee varus and valgus movements in this posture is consistent and reliable (Dhaher and Francis 2006) . During proprioceptive testing procedures, subjects wore headphones with white noise playing and an eye mask to minimize auditory and visual cues associated with the servomotor. Subjects were instructed to remain relaxed throughout the experimental procedures and to not volitionally contract their leg muscles. Surface EMG electrodes (Delsys Bagnoli 3.1, Boston, MA, USA) recorded muscle activity in the quadriceps and hamstring muscles throughout the testing protocol to ensure that subjects maintained a relaxed state. Unacceptable EMG activity was identified when the mean EMG activity during the testing protocol was greater than two standard deviations above the mean baseline activity, collected 200 ms prior to the onset of joint movement. Trials that showed unacceptable EMG activity were rejected.
TDPM was assessed in four movement directions: towards varus, valgus, flexion, and extension, following a protocol similar to previously published reports (Boerboom et al. 2008; Hurkmans et al. 2007; van der Esch et al. 2007) . From the initial postures described above, the servomotor rotated the knee at a velocity of 1°/s and subjects were instructed to press a handheld button as soon as movement of the limb was detected. The slow velocity was chosen to minimize subjects' detection of a sudden onset of movement and is within the range of angular velocities (0.5-2°/s) suggested for assessing proprioceptive acuity (Riemann et al. 2002) . Though slower testing velocities, such as 0.5°/s or less, are often used in TDPM tests (Boerboom et al. 2008; Hurkmans et al. 2007; van der Esch et al. 2007 ), a velocity of 1°/s was used due to practical limitations related to the software controlling the servomotor. The maximum angular excursion during proprioceptive testing was 5°in the frontal plane and 7°in the sagittal plane. To ensure that subjects were comfortable with movements in the frontal plane, several smaller stretches were applied at the beginning of the experimental session. Starting at 3°, the stretches were incrementally increased by 1°to a maximum of 5°and subjects were asked to report any discomfort with the movements. All study participants were comfortable with this range of movement in the frontal plane.
TDPM was defined as the position difference between the onset of movement and the subjects' detection of movement, with smaller TDPM values indicating greater proprioceptive acuity. Following familiarization with the protocol, at least five trials were performed in each testing direction in a randomized order.
Test-retest reliability
A test-retest reliability study was performed on a separate study population to determine consistency of measurements between testing sessions. Fifteen young, female subjects [mean (SD) age: 22.3 (1.9) years, height: 1.65 (0.05) m, weight: 60.2 (11.5) kg] participated in two frontal plane testing sessions that were on average 12.5 (SD 2.4) days apart (range 8-15 days). Similar to previous studies (Ageberg et al. 2007; Rankin and Stokes 1998) , the reliability of the proprioceptive testing procedure was assessed using the intraclass correlation coefficient [ICC(1,2)] (Shrout and Fleiss 1979 ) and Bland and Altman tests for agreement between test sessions (Bland and Altman 1986) . The Bland and Altman tests include (1) a graphical representation (Bland-Altman plot) of the difference between test measures plotted against the mean of the two measures; (2) calculation of the mean of the difference between test measures " d ð Þ and 95% confidence intervals (CI) of " d; and (3) a measure of the limits of agreement (LOA) between the two measures, which is defined as " d ± 2 9 SD diff , where SD diff is the standard deviation of the differences.
Statistical analysis
All statistical analyses were performed using the NCSS software suite (NCSS, Kaysville, UT, USA) with significance set a priori to a = 0.05. A preliminary analysis indicated no significant differences in genders, so male and female data were analyzed together. A repeated measures analysis of variance (ANOVA) using one within-subjects factor (movement direction) was performed to examine differences between varus, valgus, flexion, and extension TDPM. Post hoc Tukey-Kramer multiple comparisons were used when a significant effect was found. (Fig. 2) . The LOA were narrow at (-0.25,0.28) for valgus and (-0.23,0.26) for varus. Furthermore, the mean absolute difference between measurements was small as well, at 0.08 for valgus and 0.10 for varus.
Results
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Discussion
Knowledge of proprioceptive acuity in the constrained planes of movement (frontal and transverse) at the human knee is lacking. This study provides the first measures of proprioceptive acuity in the frontal plane of the healthy knee and demonstrates that TDPM is a reliable assessment of frontal plane proprioception. TDPM values were similar between the varus and valgus directions; however, results indicated lower TDPM values in the frontal plane compared with the sagittal plane. Specifically, average detection thresholds were 0.58°and 0.60°in varus/valgus and 0.78°a nd 0.82°in flexion/extension. This apparent difference in TDPM may be attributed to the difference in range of motion between planes of movement. Previous reports have demonstrated lower detection thresholds near the end range of movement, which has been attributed to a protective neural mechanism (Ageberg et al. 2007; Friden et al. 2001; Friden et al. 1996) . Thus, lower TDPM values in the frontal plane may reflect the constrained range of motion in this movement direction. In this context, knowledge of proprioceptive acuity in this direction may have direct clinical implications in understanding knee joint pathologies, such as OA and ACL injury, which may be aggravated by frontal plane loading (Astephen et al. 2008; Hewett et al. 2005; Jackson et al. 2004; Khan et al. 2008; Lewek et al. 2004; McLean et al. 2004; Sharma et al. 2003; Weidow et al. 2006) . The results of this study can be used as baseline data for the evaluation of frontal plane proprioceptive acuity in various pathological populations.
The conscious perception of joint movement and position involves the central processing of sensory feedback arising from muscle, skin, and joint (periarticular) mechanoreceptors (Riemann and Lephart 2002a) . While the exact degree to which each receptor type contributes to joint proprioception remains unknown, we believe that frontal and sagittal plane rotations primarily target different tissues. Movement in the frontal plane stretches the capsule-ligamentous structures of the joint, which would presumably engage periarticular receptors. Conversely, it is unlikely that periarticular mechanoreceptors were engaged during sagittal plane movements, as testing was performed in the mid-range of movement (30°knee flexion) under a relaxed state (Grigg and Greenspan 1977) . On the other hand, muscle spindles were likely active during knee flexion and extension movements. While spindles may have also been engaged during varus and valgus rotations, a previous geometric analysis using musculoskeletal modeling software (SIMM, MusculoGraphics, Inc. Santa Rosa, CA, USA) indicated insignificant changes in musculotendon length (Dhaher et al. 2003) , suggesting that the role of muscle spindles in this plane may be limited. Thus, though the exact contribution of various mechanoreceptors cannot be discerned in the present study, we believe that the primary sources of afferent feedback in the frontal and sagittal planes were periarticular mechanoreceptors and muscle spindles, respectively.
The differences in TDPM between the frontal and sagittal plane observed in this study may potentially be attributed to differences in receptor type as well as other peripheral and central neural mechanisms. Evidence from microstimulation experiments in awake humans indicates a more direct cortical connection from periarticular afferents than muscle spindles (Macefield et al. 1990; Macefield 2005) , which may imply an increased central sensitivity to the activity of periarticular receptors. Further, as the frontal plane of the knee is highly constrained, the applied rotations constituted a larger proportion of the range of motion than rotations in the sagittal plane. This may have resulted in a comparatively more intense mechanical stimulus, which could lead to increased afferent outflow.
In addition to afferent feedback, cognitive processes also play a large role in the conscious perception of joint movement. Tests of perception, like TDPM, require subjects to pay attention and focus on the sensation at their joint (Fagius and Wahren 1981) . As joint rotations in the frontal plane are relatively novel, subjects may have focused more intently on their knees. Even if afferent feedback from mechanoreceptors was similar between planes of movement, it is possible that enhanced cognitive (central) processing may have contributed to the lower TDPM values in the frontal plane.
The finding of lower TDPM values in the frontal plane may potentially suggest more accurate proprioceptive acuity in the frontal plane compared with the sagittal plane. However, it is important to note that differences in the experimental testing protocol across planes of movement may have also contributed to the observed results, and therefore limit our interpretation. First, testing was performed in two different knee postures. As stated in the methods section, the targeted testing posture in this study was 30°of knee flexion and neutral varus/valgus, a posture commonly seen during the stance phase of gait (Lafortune et al. 1992) . However, in a flexed knee posture, it is technically difficult to isolate varus and valgus rotations at the knee from proximal rotation of the femur (Dhaher and Francis 2006) . Therefore, frontal plane testing was performed at 0°of knee flexion, while sagittal plane testing was performed at 30°of knee flexion. The disparate knee flexion angles used during testing may have confounded our interpretation of the differential proprioceptive acuity across planes of movement. If sagittal plane testing had been performed at a more extended knee angle, it is possible that the differences in TDPM across planes may have diminished. Indeed, previous studies have demonstrated that knee extension TDPM improves as the knee is extended (Ageberg et al. 2007; Boerboom et al. 2008 ). However, the same investigations report the opposite relationship for knee flexion TDPM, as proprioceptive acuity became less accurate at more extended knee postures. Consistent with these prior observations, a preliminary examination on three subjects indicated that TDPM in knee extension and flexion improved by an average of 0.10°and 0.01°, respectively, from 30°of flexion to 10°. Thus, though these results are not conclusive, it is possible that the difference between TDPM in the frontal plane and extension observed in the current study may be in part attributed to the difference in testing posture. However, even at a more extended knee posture, the significant difference between TDPM in the frontal plane and knee flexion likely would have remained.
An additional experimental factor which may confound the interpretation of our results was the use of brackets at the knee during frontal plane testing. As described in the ''Methods'' section and depicted in Fig. 1 , brackets were positioned just proximal to the femoral epicondyles, in order to isolate varus and valgus rotations at the knee. These brackets, which were not present during testing in the sagittal plane, may have provided additional sensory information from cutaneous afferents, which could have increased proprioceptive acuity in the frontal plane. In an attempt to examine the potential effect of this additional cutaneous sensation in the sagittal plane, three subjects were tested with and without a thick padded strap across the thigh during the sagittal plane paradigm. TDPM was found to improve by 0.03°on average, which is less than the difference in TDPM between planes of movement. Therefore, these preliminary observations may suggest that proprioceptive differences across planes cannot be primarily attributed to variations in cutaneous cues across paradigms. Nonetheless, future investigations, utilizing anesthetics on the skin, may be necessary to fully describe the contribution of cutaneous afferents to proprioception in each plane of movement.
The assessment of proprioceptive acuity using TDPM has been demonstrated as a reliable measurement in the sagittal plane of the knee (Ageberg et al. 2007) . Similarly, results from our test-retest reliability study indicated fair to good repeatability (Fleiss 1986 ). However, ICC values for varus movement were lower than for valgus movement. This may be due to the relatively small inter-subject variability observed for this metric (see Fig. 2 ). Indeed, one of the limitations of the ICC is its sensitivity to the variability between subjects (Rankin and Stokes 1998) . Despite differences in ICC between varus and valgus, the Bland and Altman methods reveal similar results for both directions and indicate minor differences between test sessions. Taken together, these tests indicate that the TDPM procedure used in the frontal plane has good reliability, which is comparable to previous studies of TDPM in the sagittal plane (Ageberg et al. 2007) .
The TDPM testing protocol used in the current study was based on those described previously. However, one divergence from prior reports is the use of a faster testing velocity: 1°/s in the current study compared with the commonly used 0.5°/s (Boerboom et al. 2008; Hurkmans et al. 2007; van der Esch et al. 2007) . While one could argue that this may have affected our results, a previous investigation reported insignificant variations in TDPM for velocities ranging from 0.1 to 0.85°/s (Pap et al. 1999) . Furthermore, given that the same angular velocity was used in all testing sessions, we assume that proprioceptive comparisons across movement directions were unaffected by our choice of testing velocity.
While this investigation was not designed to examine the effect of gender on proprioceptive acuity, our preliminary analysis of the current results revealed no significant differences between males and females in any direction of movement. However, previous investigators have reported gender differences in proprioceptive acuity at the knee (Boerboom et al. 2008; Rozzi et al. 1999) . It is possible that the lack of difference observed in the current study was the result of inadequate statistical power due to the small sample size. Given the observed differences in frontal plane loading across genders and its association with the risk of ACL injury (Griffin et al. 2006; Hewett et al. 2005) , an extensive examination of potential gender effects on the observed proprioceptive acuity is warranted.
Results from this study indicate a statistically significant difference in detection thresholds between the frontal and sagittal planes of movement in favor of the frontal plane. Though results are preliminary and subject to the limitations described above, it could be hypothesized that they reflect more accurate proprioceptive acuity in the frontal plane, potentially suggesting that the neuromuscular system has more precise control of the joint in this constrained plane of movement in order to maintain joint stability. However, exactly whether more accurate proprioceptive acuity may have clinical impact is unknown. This is largely due to limited and inconsistent data regarding the relationship between proprioceptive acuity, as measured in isolated testing conditions, and neuromuscular control or functional performance (Friden et al. 2001) . While some investigators have demonstrated a positive association between proprioceptive acuity and measures of functional ability (Fu and Hui-Chan 2007; Lin et al. 2009; Muaidi et al. 2009; van der Esch et al. 2007 ), others have not (Courtney and Rine 2006) . Thus, though we observe a statistical difference in TDPM between planes, it is unknown whether this constitutes a functionally or clinically significant difference, especially considering the experimental limitations described above.
Functional neuromuscular control is a complex process involving the confluence of descending motor commands and sensory feedback. As described by Ashton-Miller et al. (2001) (Ashton-Miller et al. 2001) , the contribution of proprioceptive processes to the improved performance of a functional task following training is often difficult to distinguish. Studies which assess the efficacy of proprioceptive training paradigms on function often do not evaluate proprioception before and after training . Those that have measured proprioception before and after training have reported both improvements (Diracoglu et al. 2005) and no change (Risberg et al. 2007) , indicating that this issue still requires further evaluation. Future studies which associate proprioceptive acuity to functional tasks (i.e. 3D gait kinematics and kinetics) are necessary to delineate the relative contribution of peripheral sensory feedback and may provide an indirect assessment of the clinical significance of the proprioceptive metric, particularly in pathological populations. Such examinations may guide the refinement of proprioceptive therapies and training programs aimed at managing musculoskeletal disorders.
Conclusions
To our knowledge this is the first examination of joint proprioception in the frontal plane of the knee. Understanding the three-dimensional proprioceptive capabilities of the knee joint may be useful in developing proprioceptive training protocols which are designed to improve joint stability in the constrained planes of movement as well as knee flexion/extension. Our results indicate lower TDPM values in the frontal plane compared with the sagittal plane of the knee. Though results are preliminary, they may suggest more accurate awareness of frontal plane movements, which may functionally relate to the limited range of motion in this direction compared with the sagittal plane and contribute to a protective neural mechanism designed to prevent injury. Future examinations are necessary to more fully characterize the differential proprioceptive acuity in the constrained planes of movement (both frontal and transverse planes) compared with the primary plane of movement at the knee.
From a clinical perspective, frontal plane knee joint proprioception may have implications in understanding the development of pathologies, such as knee osteoarthritis (OA) and ACL injury, which may be exacerbated by frontal plane loading (Astephen et al. 2008; Hewett et al. 2005; Jackson et al. 2004; Khan et al. 2008; Lewek et al. 
